We study the origin of the abelian dominance in the maximally abelian (MA) gauge for the long-distance physics in terms of the interaction range mediated by gluons. In the MA gauge, diagonal gluon components behave as neutral gauge fields like photons, and off-diagonal gluon components behave as charged matter fields on the residual abelian gauge symmetry. We study the gluon propagator in the MA gauge with the U(1) 3 Landau gauge fixing using the SU (2) 
Introduction
The quark-confinement mechanism is one of the most important subjects in the hadron physics. Phenomenologically, the quark confinement is characterized by the linear interquark potential V (r) ∼ σr with the hadronic string tension σ ≃ 1GeV/fm, which is obtained from the Regge trajectories [1] of hadrons and also from the lattice QCD simulation [2] . The confining force arises from the one-dimensional squeezing of the gluonic flux between the quark and the anti-quark, which is actually observed in the lattice QCD simulation [3] .
As for the quark-confinement mechanism, the dual-superconductor picture was firstly proposed by Nambu [4] in 1974 using the concept of the electro-magnetic duality [5] in the Maxwell equation and the analogy with the one-dimensional squeezing of the magnetic flux as the Abrikosov vortex in the type-II superconductor [6] . In the dual-superconductor picture, color-magnetic monopoles are assumed to be condensed in QCD, and therefore the color-electric flux between the quark and the antiquark is squeezed as the one-dimensional tube due to the dual Higgs mechanism [4, 7, 8] .
The possibility of the appearance of monopoles in the QCD vacuum was pointed out by 't Hooft in 1981 [9] using the concept of the abelian gauge fixing, a partial gauge fixing remaining the abelian gauge degrees of freedom on U(1)
Nc−1 ⊂ SU(N c ). The abelian gauge fixing is defined by the diagonalization of a gauge-dependent variable as Φ[A µ (x)] in QCD, and reduces QCD into an abelian gauge theory. In the abelian gauge, the diagonal gluon components behave as neutral gauge fields like photons, and off-diagonal gluon components behave as charged matter fields on the residual abelian gauge symmetry [9, 10] . Hence, in the abelian gauge, the diagonal gluon component still carries the interaction between quarks as the gauge field, while the off-diagonal gluon component is no more the gauge field and may not mediate the interaction [10, 11] .
As a remarkable feature in the abelian gauge, color-magnetic monopoles appear as the topological objects relating to the nontrivial homotopy group, Π 2 (SU(N c )/U(1) 9, 10, 12] . Then, the quark-confinement mechanism can be physically interpreted by the dual Meissner effect in the abelian dual-Higgs theory [10, 11, [13] [14] [15] under the two assumptions of the abelian dominance [9, 10, 14, 16] and monopole condensation [17] [18] [19] in the abelian gauge.
The abelian dominance firstly named by Ezawa and Iwazaki in 1982 [16] means that only the diagonal gluon plays the dominant role for the nonperturbative QCD (NP-QCD) phenomena like the confinement. In other words, the abelian dominance means that off-diagonal gluons can be neglected for NP-QCD. In '90's, using the lattice QCD Monte-Carlo simulation, two remarkable abelian dominances for quark confinement [18, [20] [21] [22] and chiral symmetry breaking [23, 24] were actually observed in the maximally abelian (MA) gauge [18, [20] [21] [22] [23] [24] [25] [26] which is a special abelian gauge.
However, the physical reason of these abelian dominances observed as the lattice-QCD phenomena in the MA gauge is still unclear. Accordingly, there is no criterion on the physical quantities for which abelian dominance holds. For instance, no one knows whether the abelian dominance holds for all the NP-QCD phenomena or it does only for confinement and chiral symmetry breaking. In this paper, we study the gluon propagator in the MA gauge considering the physical origin of the abelian dominance in terms of the interaction range mediated by gluons, and clarify the criterion on the abelian dominance [18, 27] .
Infrared Abelian Dominance and Mass-Generation Hypothesis on Charged
Gluons in the MA Gauge
The abelian dominances for confinement and chiral-symmetry breaking in the MA gauge are the remarkable phenomena observed in the lattice QCD Monte-Carlo simulations [18, [20] [21] [22] [23] [24] In the MA gauge, the only diagonal gluon component seems to affect the infrared physics, which we call the "infrared abelian dominance" in this paper. In this section, we consider the physical origin of the infrared abelian dominance in the MA gauge in the SU(2) QCD.
As a possible physical interpretation for the infrared abelian dominance, we conjecture that the effective mass of the off-diagonal (charged) gluon ch , since the massive particle propagates within the inverse of its mass. Now, we express this mass-generation hypothesis on charged gluons in terms of the QCD partition functional in the MA gauge, Since the effective mass M ch is closely related to the charged-gluon propagation, we study the gluon propagator in the MA gauge in terms of the interaction range using the lattice QCD Monte-Carlo simulation. In the following sections, we aim to estimate the effective mass of the charged gluon from the numerical result of the gluon propagator in the MA gauge [18, 27] , and clarify the physical origin of the infrared abelian dominance.
Massive Vector Boson Propagator
In this section, we investigate the propagator of the massive vector boson in the Euclidean metric for the preparation of the analysis on the effective gluon mass in the MA gauge in the Euclidean lattice QCD. We start from the Lagrangian of the free massive vector boson with mass M in the Proca formalism [29] ,
in the Euclidean metric. For the massive case of M = 0, the propagatorG µν (k; M) of the massive vector boson is derived as
in the momentum representation [30] . The propagator G µν (x; M) in the coordinate space is obtained by performing the Fourier transformation as
is convenient to examine the scalar-type propagator,
for the study of the interaction range. To carry out the calculation of G µµ (r; M), we take x µ = (r, 0, 0, 0) without loss of generality, and then the integration in Eq.(3.4) is found to be expressed with K 1 (z),
using the integration formula for the modified Bessel function,
Thus, the scalar-type propagator G µµ (r; M) can be expressed as
In the infrared region, the asymptotic expansion
is applicable for large Mr, and Eq.(3.7) reduces to
where the Yukawa-type damping factor e −M r expresses the short-range interaction in the coordinate space. Then, the mass M of the vector field A µ (x) is estimated from the slope in the logarithmic plot of
This relation in Eq.(3.9) is almost valid for Mr > 1 [31] from the numerical calculation.
For the massless vector case, we use the covariant Lagrangian in the Euclidean metric,
with the gauge-fixing parameter ξ. The massless vector-boson propagator is obtained
in the momentum representation [30] . The scalar-type propagator G µµ (x) in the coordinate space is written as 12) which exhibits the Coulomb-type interaction in the four-dimensional coordinate space.
In particular, for the Landau gauge ξ = 0, Eq.(3.12) is reduced into
Maximally Abelian Gauge Fixing
In this section, we investigate the maximally abelian (MA) gauge, which is the most successful abelian gauge for the dual-superconductor picture [18, [20] [21] [22] [23] [24] [25] [26] . In the Euclidean QCD, the MA gauge is defined by minimizing the global amount of the off-diagonal gluon,
by the SU(N c ) gauge transformation [12, 18, 22, 34] . Here, we have used the Cartan 
which R Ω off reduces to
for the infinitesimal gauge transformation Ω(x) ≡ e iε(x) ≃ 1 + iε(x) with ε(x) ∈ su(N c ).
Here, we have used Nc−1 abelian gauge symmetry. In the SU(2) QCD, the local
is diagonalized in the MA gauge.
In the SU(2) lattice QCD, the system is described by the link variable
} ∈ SU(2) with the lattice spacing a and the QCD gauge coupling constant e. The MA gauge is defined by maximizing
using the SU(2) gauge transformation. In the continuum limit a → 0, maximizing R diag leads to minimizing R off in Eq. 
Here, the abelian link variable u µ (s), which is suggested to play the relevant role for confinement [18, [20] [21] [22] in the MA gauge, obeys the residual U(1) 3 -gauge transformation,
with the gauge function ω(s) ∈ U(1) 3 .
For the study of the gluon propagator A 5 Gluon Propagators in the MA gauge in the Lattice QCD
Formalism for Gluon Propagators
In this section, we consider the derivation of the gluon propagator from the link variable 
with the lattice spacing a and the gauge coupling constant e. Then, the gluon field Next, we calculate the scalar-type propagator G µµ (r) as the function of the fourdimensional distance r ≡ (x µ − y µ ) 2 in the MA gauge with the U(1) 3 -Landau gauge.
In this gauge, U µ (s) is determined without the ambiguity on local gauge transformation.
Here, we study the scalar-type propagator of the diagonal (neutral) gluon as
and that of the off-diagonal (charged) gluon as
with the charged gluons A
Finally in this subsection, we comment on the Weyl symmetry and 'non-triviality' on G Abel µµ (r) and G ch µµ (r). In the MA gauge with the U(1) 3 Landau gauge fixing, there only remains the global Weyl symmetry [18, 22, 32, 33] , and all the vacuum expectation value of the Weyl-odd quantity like A 
Numerical Lattice QCD Results
Using the SU (2) As shown in Fig.1 , the diagonal-gluon propagator G 
Summary and Concluding Remarks
In this paper, we have studied the gluon propagator in the MA gauge with the U(1) 3
Landau gauge fixing using the SU(2) lattice QCD with 2.2 ≤ β ≤ 2.4 and 12 3 × 24.
We have found the abelian dominance for the gluon propagator in the MA gauge in the infrared region as r ch . Then, the origin of the infrared abelian dominance has been physically explained as the generation of the charged gluon mass M ch induced by the MA gauge fixing. As an important prediction, this charged-gluon mass generation provides the general abelian dominances for the long-distance physics in QCD in the MA gauge.
As for the diagonal-gluon propagator G Abel µµ (r), it seems to behave as a light or massless particle. However, for the detailed argument on G Abel µµ (r), one should consider the Gribov-copy problem [36] and the finite size effect more carefully, because the diagonal gluon may propagate over the long distance beyond the lattice size. On the other hand, the charged-gluon propagation is limited within the short distance as Figure 2 
